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Objective: Mutations in ABCD1 cause the neurodegenerative disease, adrenoleukodystrophy, which manifests as the
spinal cord axonopathy adrenomyeloneuropathy (AMN) in nearly all males surviving into adulthood. Microglial dys-
function has long been implicated in pathogenesis of brain disease, but its role in the spinal cord is unclear.
Methods: We assessed spinal cord microglia in humans and mice with AMN and investigated the role of ABCD1 in micro-
glial activity toward neuronal phagocytosis in cell culture. Because mutations in ABCD1 lead to incorporation of very-long-
chain fatty acids into phospholipids, we separately examined the effects of lysophosphatidylcholine (LPC) upon microglia.
Results: Within the spinal cord of humans and mice with AMN, upregulation of several phagocytosis-related markers,
such as MFGE8 and TREM2, precedes complement activation and synapse loss. Unexpectedly, this occurs in the
absence of overt inflammation. LPC C26:0 added to ABCD1-deficient microglia in culture further enhances MFGE8
expression, aggravates phagocytosis, and leads to neuronal injury. Furthermore, exposure to a MFGE8-blocking anti-
body reduces phagocytic activity.
Interpretation: Spinal cord microglia lacking ABCD1 are primed for phagocytosis, affecting neurons within an altered met-
abolic milieu. Blocking phagocytosis or specific phagocytic receptors may alleviate synapse loss and axonal degeneration.
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X-linked adrenoleukodystrophy (X-ALD) is caused by

mutations in ABCD1, a gene that encodes the perox-

isomal half-transporter adenosine triphosphate-binding

cassette domain I (ABCD1).1,2 The most severe form of

X-ALD, childhood cerebral ALD (CALD), manifests as

acute demyelination in childhood with prominent lym-

phocytic infiltration and a distinct zone of microglial cell

death surrounding the inflammatory lesion.3,4 The more

common phenotype is adrenomyeloneuropathy (AMN),

an axonopathy of the spinal cord with notable absence of

inflammatory lesions or lymphocytic infiltration, but

numerous microglia and macrophages. There is no

genotype-phenotype correlation, and the two distinct

neurological phenotypes frequently exist within the same

family. All male patients who survive into adulthood

manifest some degree of axonopathy, making AMN the

default manifestation of ABCD1 dysfunction.

Mutations in ABCD1 result in the accumulation of

unbranched saturated very-long-chain fatty acids

(VLCFAs) in body fluid and tissues,5–7 and the highest

concentrations of VLCFAs reside within lysophosphati-

dylcholine (LPC).8 High-dose LPC injections lead to

brain demyelination in mice, but the impact of LPC

upon axonal degeneration and AMN pathogenesis has

not been studied.4 Notably, levels of VLCFA in plasma

do not correlate with phenotype or severity, and attempts

at lowering VLCFA have so far shown no effect upon

AMN progression.
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These discrepancies may be resolved by a closer

examination of the cellular constituents of pathology in

relation to ABCD1 gene expression. ABCD1 is not uni-

formly expressed across different cell types.9 How can

axons be affected when ABCD1 is only expressed in neu-

rons at very low levels?9 Microglia have recently been

implicated as potential cellular mediators of synapse

loss.10 Specific transcriptional and functional alterations

of microglia vary in each neurological disease depending

on pathology and type of molecular stimuli encoun-

tered.11 Given that ABCD1 is highly expressed in micro-

glia, it is possible that microglial dysfunction in its close

interaction with other cell types actively participates in

the neurodegenerative process.

Importantly, ABCD1 deficiency in mice also leads

to axonal degeneration, resembling findings in AMN

patients.12 In AMN mice, previous studies have noted

that microglial activation coincides with noninflamma-

tory axonal degeneration13,14; similar observations have

been made in human AMN spinal cord.12 Despite these

findings, no detailed studies on the molecular and func-

tional change of microglia in the absence of ABCD1

have been conducted, and the impact of microglia upon

long-tract degeneration remains unclear. The aim of the

present study was to systematically define microglia in

human and mouse spinal cord and further explore dys-

function of ABCD1-deficient microglia both in vivo and

in vitro.

Materials and Methods

Animals
Wild-type (WT) C57BL/6 and congenic C57BL/6 Abcd1–/–

mice were obtained from The Jackson Laboratory (Bar Harbor,

ME). Abcd1–/– mice were back-crossed onto a pure C57/B6

background over six generations. They were then bred from

homozygous founders and occasionally genotyped. Mice were

fed a standard diet and maintained under a 12-hour light-dark

cycle. Only male mice were used for the experiments.

Mouse Tissue Preparation
Mice were anesthetized by isoflurane and sacrificed by transcar-

dial perfusion of phosphate-buffered saline (PBS). Brain and

spinal cord were immediately dissected and snap-frozen. Parts

of tissues were fixed by 4% paraformaldehyde (PFA) and equili-

brated in 30% sucrose before slicing.

Primary Neonatal Microglial Cultures and N9
Microglia Culture
Microglia cultures were prepared as previously described.15

Briefly, mixed glial cultures (�95% astrocytes, �5% microglia)

were prepared from the brain tissue of 1- to 3-day-old mice.

The tissue was trypsinized with 0.05% trypsin, and cells were

resuspended in glia complete medium Dulbecco’s modified

Eagle’s medium (DMEM; Lonza Biologics Inc, Portsmouth,

NH) supplemented with 10% fetal bovine serum (FBS),

100IU/ml of penicillin, 100 lg/ml of streptomycin, and 2mM

of L-glutamine. After 10 to 14 days in culture, microglia were

isolated from the mixed glial cultures by the shake-off proce-

dure. Specifically, loosely attached microglia were obtained

from an incubator shaker at 250rpm for 2 hours at 37 8C, then

the cell-containing medium was centrifuged at 1,100rpm for 3

minutes to collect microglia for subsequent culture. N9 micro-

glia cells were cultured in RPMI 1640 medium supplemented

with 10% FBS.

Differentiated Neuronal Culture
Immortalized hNPC cell line ReNcell VM (ReN) was used to

differentiate into neurons per published protocol.16 Simply,

ReN cells were grown in proliferation medium (DMEM/F12;

Gibco/Life Technologies, Grand Island, NY) with 2 mg/ml of

heparin (stock; STEMCELL Technologies, Cambridge, MA),

2% B27 (Life Technologies, Carlsbad, CA), 20ng/ml of epider-

mal growth factor (EGF), 20ng/ml of basic fibroblast growth

factor, and 1% of 100 3 penicillin/streptomycin (Gibco/Life

Technologies) until confluency. For differentiation, 3 3 104 cells

were seeded on Matrigel-coated (1:100 dilution in DMEM/

F12) eight-well chamber slides and grown in differentiation

medium (DMEM/F12; Gibco/Life Technologies) with 2 mg/ml

of heparin (stock; STEMCELL Technologies), 2% B27 (Life

Technologies), and 1% of 100 3 penicillin/streptomycin

(Gibco/Life Technologies) for 2 to 3 weeks before coculture

with microglia.

Cocultures and VLCFA Supplementation
For the coculture of microglia and neurons, isolated microglia

were seeded on top of differentiated neurons and cocultured in

differentiated medium for 4 days with or without supplementa-

tion of VLCFA. For VLCFA supplementation, hexacosanoic

acid (free fatty acid [FFA] C26:0) and lysophosphatidylcholine

(LPC) C16:0 and C26:0 (Avanti Polar Lipids, Inc., Alabaster,

AL) were solubilized in 50mg/ml of methyl-b-cyclodextrin to

make 3mM of stock solution and then supplemented into cul-

ture medium to reach designated concentration with methyl-b-

cyclodextrin as vehicle control. After coculture for 4 days, cells

were fixed in PFA and immunostained with beta-III-tubulin

(Tuj1), which is a b-tubulin family structural protein expressed

in neurons, and ionizing calcium-binding adaptor molecule 1

(IBA1) that marks microglia. MFGE8 blocking antibody

(R&D Systems, Minneapolis, MN) or control immunoglobulin

G (IgG; R&D Systems) were added to the coculture to assess

the function of MFGE8. Tuj1 immunofluorescence and degen-

erated axons were quantified in each group.

Microglial Phagocytosis Assay
Microglia were seeded in an eight-well chamber (7 3 104/well

in complete medium) and cultured for 24 hours. SH-SY5Y cells

were treated with 100 lM of H2O2 for 12 hours to induce

phosphatidylserine (PS) exposure on the cell surface. Floating

SH-SY5Y cells were then collected by centrifuge at 1,000rpm

for 3 minutes, resuspended in serum-free medium, and stained
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with 3 mM of fluorescent probe CMTPX (red; 1:1,000 dilution;

Life Science Technologies) for 30 minutes. A portion of the

floating cells was subjected to Annexin V/FITC (fluorescein iso-

thiocyanate) staining to confirm the exposure of PS. The rem-

nant was washed twice and seeded (same amount as microglia)

on top of the microglial layer. After a 4-hour coculture, cells

were washed with PBS and fixed with 4% PFA for 15 minutes

at room temperature. Microglia were then stained with IBA1

antibody (Wako Chemicals USA, Inc., Richmond, VA) over-

night followed by Alexa Fluor-488–conjugated second antibody.

For quantification, five random images were taken from each

chamber well using a confocal microscope (Carl Zeiss, Jena,

Germany). The total number of phagocytosed particles as well

as cell-sized particles was counted and divided by microglia cell

number. To validate the function of MFGE8, microglia were

pretreated with recombinant MFGE8 (50ng/ml; R&D Systems)

or MFGE8 blocking antibody for 12 hours and then the

phagocytosis assay was performed as listed above.

Western Blotting
Tissue and cell lysates were prepared using radioimmunopreci-

pitation assay buffer (Sigma-Aldrich, St. Louis, MO) with 1%

Halt Protease and Phosphatase Inhibitor Cocktail (Roche, Indi-

anapolis, IN). Protein samples were separated on NuPAGE 4%

to 12% Bis-tris gels (Life Science Technologies) and transferred

onto polyvinylidene difluoride membranes (Millipore, Billerica,

MA). Membranes were blocked with 5% nonfat milk in PBS

containing 0.05% Tween 20 and probed with antibodies against

inducible nitric oxide synthase (iNOS), cyclooxygenase 2

(Cox2; Santa Cruz Biotechnology, Santa Cruz, CA), ABCD1,

C1q, postsynaptic density protein 95 (PSD95), and CD11b

(Abcam, Cambridge, MA), synaptophysin (Cell Signaling Tech-

nology, Danvers, MA), MFGE8 (MBL International Corpora-

tion, Woburn, MA), IBA1 (Wako Chemicals USA, Inc.), beta-

actin or glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz

Biotechnology) were used as protein loading control. Mem-

branes were developed with SuperSignal West Pico Chemilumi-

nescent Substrate (Thermo Fisher Scientific, Waltham, MA)

after incubation with horseradish peroxidase–conjugated sec-

ondary antibodies. Antibodies that differed in human specimen

included anti-human MFGE8 (Sigma-Aldrich) and anti-human

ABCD1 (Origene, Rockville, MD).

Quantitative Real-Time Reverse Transcription
PCR
Total RNA from cells or tissues were isolated using the Qiagen

RNeasy Mini Kit (Qiagen). First-strand complementary DNA

synthesis used 100ng of random primer (Life Technologies),

1.0 mg of total RNA, 10 mM of deoxynucleotide, and 200 units

of reverse transcriptase (Life Technologies) per 20 ml reactions.

PCRs were performed in duplicates in a 25 ml final volume by

using SYBR Green master mix from Applied Biosystems (Life

Technologies). The data were analyzed by calculating the delta

threshold cycle value between the tested gene and an internal

control.

Immunofluorescence Staining and Confocal
Microscopy Imaging
Spinal cord sections (14-mm) were cut at –25 8C using cryostat

(Leica Microsystems, Wetzlar, Germany) and permeabilized in

blocking buffer containing 0.3% Triton X and 2% goat serum for 1

hour. Sections were then stained with IBA1 (Wako Chemicals USA,

Inc.), CD68 (Bio-Rad for mouse and Abcam for human; Bio-Rad

Laboratories, Hercules, CA), synaptophysin (Sigma-Aldrich), C1q

and von Willebrand factor (VWF) (Abcam), Fibrinogen (Milli-

pore), Neurofilament (NF) (BioLegend, Dedham, MA), and neuro-

nal nuclei (NeuN) (Abcam) antibodies, respectively.

Enzyme-Linked Immunosorbent Assay
MFGE8, tumor necrosis factor alpha (TNFa) and interleukin

(IL) 1b level in culture medium and spinal cord homogenate

were measured using an MFGE8, IL1b, and TNFa enzyme-

linked immunosorbent assay (ELISA) kit (R&D Systems)

according to the manufacturer’s instructions.

Human Spinal Cord Specimen
Human tissue study was performed on postmortem spinal cord

tissue from 13 adult ALD cases (8 AMN cases, 5 cerebral ALD

[c-ALD] only, and 9 control cases obtained from NIH Neuro-

BioBank). Use of this material was approved by the Institu-

tional Review Board of Massachusetts General Hospital

(Boston, MA).

Statistical Analysis
Results were expressed as means 6 standard error of the mean

(SEM) and analyzed for statistical significance by analysis of

variance followed by Fisher’s protected least-significant differ-

ence based on two-side comparisons among experimental

groups using an SPSS program (SPSS, Inc., Chicago, IL). A

value of p< 0.05 was considered statistically significant.

Results

In the Spinal Cord of Aging Abcd1–/– Mice,
Microglial Activation Precedes Synapse Loss
Abcd1–/– mice develop an AMN-like phenotype at an

advanced age.17 Synapse loss has long been considered an

integral aspect of neurodegeneration. Hence, we set out

to examine the time course of axon degeneration and

microglial activation in spinal cord.14 We found that as

early as 8 months before synapse loss, spinal cord micro-

glia of Abcd1–/– mice display an enlarged soma and

upregulated CD68 expression (Fig 1). This activation of

Abcd1–/– microglia coincided with them enveloping syn-

apses and axons (Fig 2F,H), active synaptic pruning, and

reduced presynaptic synaptophysin (SYP) and postsynap-

tic PSD95 (Fig 2). These data suggest that microglia are

actively contributing to axonal degeneration. Importantly,

vessel walls were intact and no significant monocytic acti-

vation was observed around the vessel, suggesting that

innate immune activation in AMN mice is largely attrib-

uted to resident microglia alone (Fig 1I).
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Abcd1–/– Mouse Spinal Cord Displays a Lack of
Proinflammatory Markers but Increase in
Phagocytosis-Related Molecule Expression
To determine whether inflammation is involved in

AMN disease progression, we measured several proin-

flammatory biomarkers that are usually upregulated dur-

ing inflammation. At both 2 and 15 months, no

significant changes in expression of proinflammatory

genes and proteins were detected in Abcd1–/– mouse

spinal cord (Fig 3A–C). Next, we set out to determine

the expression of several key receptors and signaling

molecules for phagocytosis.

To our surprise, there was a significant increase of

Trem2 gene expression (as well as minor, but not signifi-

cant, increases in C1qa, MFGE8, Gas6, and Bai1) in

spinal cord of young 2-month-old Abcd1–/– mice

FIGURE 1: Expression level of microglia activation marker at different ages in Abcd1–/– mouse spinal cord. (A,B) In 2-month-old
mouse spinal cord, resident microglia were quiescent with thin processes, whereas no significant change of CD68 expression in
IBA1-positive microglia was detected, indicating a lack of microglia activation at this stage (n 5 4). (C,D) In 8-month-old
Abcd1–/– mouse spinal cord, microglia had relatively increased soma size and upregulated CD68 expression compared to wild
type, indicating microglial activation (n 5 6). (E,F) In 15-month-old Abcd1–/– mouse spinal cord, microglia had enlarged soma
size as well as thick and bushy processes (see magnification, white arrow). Significant increases of CD68 in IBA11 microglia
were also detected (n 5 8). Bar 5 50mm. CD681 pixels and CD681IBA11 cell number were quantified by ImageJ (NIH,
Bethesda, MD). (G) Representative western blot shows IBA1 expression in spinal cord across different ages and (H) IBA1 pro-
tein quantification using ImageJ with b-actin as a loading control. (I) Fibrinogen was confined in vessels in Abcd1–/– mouse spi-
nal cord, further confirming the intactness between spinal cord and blood barrier. Bar 5 50 mm. Data are expressed as
mean 6 SEM; *p < 0.05; **p < 0.01; ***p < 0.001. IBA1 5 ionizing calcium-binding adaptor molecule 1; VWF 5 von Willebrand
factor; SEM 5 standard error of the mean; WT 5 wild type.
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FIGURE 2: The presence of synapse loss, a marker of axon degeneration at different ages in Abcd1–/– mice spinal cord. (A)
Representative western blot showed presynaptic synaptophysin (SYP) and postsynaptic PSD95 expression in Abcd1–/– spinal
cord across different ages and (B) synaptophysin as well as (C) PSD95 protein quantification using ImageJ (NIH, Bethesda, MD)
with b-actin as loading control (n 5 4 at 2 months, n 5 5 at 8 months, and n 5 12 at 15 months). (D) Synaptophysin (SYP) and (E)
PSD95 (DLG4) gene expression in Abcd1–/– spinal cord at different ages (n 5 4 at 2 months and n 5 12 at 15 months). (F) Cos-
taining of IBA1 (green) and NeuN (red) as well as neurofilament (NF; red) shows activated microglia surrounding neurons and
neurites in 15-month-old Abcd1–/– mouse spinal cord. (G) Immunofluorescence quantification of synaptophysin pixels in 15-
month-old spinal cord using ImageJ (n 5 7). (H) Three-dimensional confocal images show microglia (CD68 red) engulfing synap-
ses (synaptophysin green) in 15-month-old mouse spinal cord (indicated by white arrow). In wild-type spinal cord, more punc-
tate synaptophysin staining is present compared to the Abcd1–/– spinal cord where synapse loss occurs. Data are expressed as
mean 6 SEM; *p < 0.05; ***p < 0.001. DLG4 5 disks large homolog 4; IBA1 5 ionizing calcium-binding adaptor molecule 1;
PSD95 5 postsynaptic density protein 95; NeuN 5 neuronal nuclei; SEM 5 standard error of the mean; WT 5 wild type.



(Fig 3D–F). By 15 months of age, a remarkable upregu-

lation of Trem2, C1qa, and MFGE8 mRNA was evident

(Fig 3G; p< 0.05), coinciding with prominent C1q and

MFGE8 protein upregulation (Fig 3H,I). Costaining of

synaptophysin and C1q at different ages showed frequent

colocalization suggesting a role of C1q in synaptic prun-

ing and axonal degeneration (Fig 3J). Interestingly, the

transforming growth factor beta (TGFb) family of genes,

especially TGFb2, that is known to regulate C1q and

MFGE8, showed significant upregulation at both 2 and

15 months (Fig 3K,I).

In Vitro, ABCD1-Deficient Microglia Lack an
Inflammatory Profile but Increase Phagocytosis
of PS Exposing Neurons
To learn whether microglial changes observed in vivo

were primary or secondary to axon degeneration, we iso-

lated microglia from postnatal mice and assessed molecu-

lar changes in unstimulated conditions as well as after

lipopolysaccharide (LPS) challenge. In a quiescent state,

the expression of several major proinflammatory bio-

markers, including IL1b, TNF, NOS2, and Cox2, were

very low in Abcd1–/– mice. However, an LPS challenge

FIGURE 3: Unaltered proinflammatory gene profile, but increased phagocytosis-related gene expression, in spinal cord of
Abcd1–/– mice at different ages. (A) Expression of proinflammatory genes including TNF, IL1b, NOS2, and Cox2 in spinal cord
of 2-month-old wild-type and Abcd1–/– mice (n 5 4). (B) The expression of proinflammatory genes including TNF, IL1b, NOS2,
and Cox2 in spinal cord of 15-month-old wild-type and Abcd1–/– mice (n 5 5). (C) Western blot analysis of iNOS expression in
2- (n 5 4) and 20-month-old (n 5 4) spinal cord. (D) Phagocytosis-related genes expression including Trem2, MFGE8, Gas6, Bai1,
C1qa, and C3 in spinal cord of 2-month-old wild-type and Abcd1–/– mice (n 5 4). (E) Representative western blot images show
protein expression of MFGE8 and Trem2 in 2-month-old mouse spinal cord. (F) Quantification of protein expression in 2-
month-old mouse spinal cord with b-actin as loading control (n 5 4). (G) Phagocytosis-related gene expression including Trem2,
MFGE8, Gas6, Bai1, C1qa, and C3 in spinal cord of 15-month-old wild-type and Abcd1–/– mice (n 5 9–12). (H) Representative
western blot image shows protein expression of MFGE8, Trem2, and C1q in 15-month-old mouse spinal cord. (I) Quantification
of protein expression in 15-month-old mouse spinal cord with b-actin as loading control (n 5 12). (J) Consistent with comple-
ment activation, we found colocalization of synaptophysin (green) and C1q (red; see magnification, white arrow). Bar 5 20 mm.
(K,L) TGFb family gene expression in wild-type and Abcd1–/– spinal cord at 2 and 15 months of age (n 5 12). Data are
expressed as mean 6 SEM; *p < 0.05; **p < 0.01. iNOS 5 inducible nitric acid synthase; SEM 5 standard error of the mean;
WT 5 wild type.
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(1 lg/ml) led to a significant upregulation in mRNA of

IL1b, NOS2, and Cox2 compared to WT, suggesting that

microglia in Abcd1–/– mice are primed to respond to stimuli

(Fig 4A). Higher IBA1 and CD11b expression was detected

in both quiescent and LPS-challenged states (Fig 4B).

After observing an unexpected increase of

phagocytosis-related biomarkers at tissue level, we won-

dered whether gene expression of these markers would be

altered in vitro as well. Indeed, we found significantly

higher levels of Bai1, Gas6, MFGE8, and Trem2 in

Abcd1–/– microglia, with MFGE8 displaying a 3-fold

increase (Fig 4C; p< 0.05). An ELISA assay detected 2-

fold higher MFGE8 protein secretion into media by

Abcd1–/– microglia (Fig 4D; p< 0.05). During classical

microglial activation, LPS can significantly reduce

MFGE8 expression (Fig 4C,D) while increasing phago-

cytic activity (Fig 4F). This is consistent with other past

reports performed under WT conditions.18–20

As a bridging protein, MFGE8 tightly binds to

exposed PS on surface membranes of stressed neurons

and opsonizes them for phagocytosis. Indeed, in cocul-

ture we found that Abcd1–/– microglia increased phago-

cytosis of PS-exposing neurons in both unstimulated and

LPS-challenged conditions (Fig 4E,F). To validate the

impact of MFGE8, we pretreated primary microglia

from Abcd1–/– mice with either MFGE8 (50ng/ml) or

MFGE8 antibody for 12 hours and then assessed phago-

cytosis. We found a significant increase in phagocytosis

in MFGE8-treated microglia (Fig 4G,H; p< 0.05),

whereas exposure to MFGE8 antibody reduced phago-

cytic capacity (Fig 4I). These data suggest that genetic

ablation of ABCD1 leads to increased secretion of

MFGE8 by microglia and thereby contributes to phago-

cytosis of stressed neurons.

LPC C26:0 Treatment Exposes PS on the
Neuronal Cell Surface
The most significant biochemical change caused by

ABCD1 mutations is increased VLCFA levels including

free fatty acid and LPC (in particular, C24:0 and C26:0)

in plasma and tissues. To determine whether neurons

exposed to high VLCFA levels have PS exposure on their

surfaces, we treated neurons differentiated from ReN cells

with both C26:0 free fatty acid (FFA C26:0) and LPC

C26:0 and then determined PS exposure by Annexin V/

FITC binding. FFA C26:0 treatment for 3 days at either

10 mM or 20 mM did not induce significant PS exposure

on the cell surface (Fig 5A,C). However, there was a

FIGURE 3: Continued
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remarkable dose-dependent PS exposure after LPC C26:0

treatment at both 10 mM and 20 mM. Further staining

with cleaved caspase 3 did not reveal a notable positive

signal with either FFA C26:0 or LPC C26:0 treatment

(Fig 5B). In addition, the neuronal marker, Tuj1, did not

show significant morphological changes (Fig 5B), sugges-

ting that neurons were still alive after LPC C26:0 treat-

ment despite PS exposure.

LPC C26:0 Enhances MFGE8 Expression in
Microglia
To examine whether VLCFA has any effect on MFGE8

expression, we first treated microglial cell lines (N9) with

30 lM of FFA C26:0, LPC C16:0, and LPC C26:0 sep-

arately for 3 days. LPC C26:0 significantly increased

MFGE8 mRNA expression whereas FFA C26:0 and LPC

C16:0 did not have an effect (Fig 6A). Finally, we also

treated primary isolated microglia from both WT and

Abcd1–/– mice with 15 lM of LPC C26:0 and found sig-

nificant increase of MFGE8 expression at both mRNA

(Fig 6B; p< 0.05) and protein level (Fig 6C; p< 0.05).

In the Presence of ABCD1-Deficient Microglia
LPC C26:0 Mediates Damage to Neurons
To assess whether Abcd1–/– microglia have a direct

impact on neurite growth, we isolated microglia from

FIGURE 4: Abcd1–/– microglia lack an inflammatory profile, but displayed increased phagocytosis of phosphatidylserine (PS)
exposing apoptotic neurons. (A) Proinflammatory genes including IL1b, TNF, NOS2, and Cox2 did not show distinct alterations
between wild-type and Abcd1–/– microglia at basal level, whereas lipopolysaccharide (LPS) treatment for 6 hours dramatically
increased expression of these genes in both wild-type and Abcd1–/– microglia with a greater response from Abcd1–/– cells. (B)
The microglial markers, IBA1 and CD11b, showed some increased expression at basal level. (C) Phagocytosis-related genes
including Trem2, MFGE8, Gas6, and Bai1, but not C3 and C1qa, were upregulated in Abcd1–/– mouse microglia at both unsti-
mulated and LPS-challenged conditions, with MFGE8 showing the most significant increase. LPS challenge decreased the
phagocytosis-related genes except for C3. (D) ELISA of microglia culture medium confirmed higher MFGE8 expression in
Abcd1–/– microglia at both basal and LPS-treated conditions. (E) Representative images show Abcd1–/– microglial (green)
phagocytosis of PS-exposed SH-Sy5y neurons (CMTPX labeled red, indicated by white arrow). (F) Quantification of red granules
within IBA1-stained microglia (green) shows a trend to increased phagocytosis of PS exposing SH-SY5Y neuron in Abcd1–/–

microglia at both basal and LPS-stimulated conditions. (G,H) Supplementation of recombinant MFGE8 dramatically increased
Abcd1–/– microglial phagocytosis of PS exposing neurons. (I) MFGE8 blocking antibody treatment reduced Abcd1–/– microglia
phagocytosis of PS exposing neurons. Bar 5 50 mm. Data were expressed as mean 6 SEM; *p < 0.05; **p < 0.01; ***p < 0.001.
ELISA 5 enzyme-linked immunosorbent assay; IBA1 5 ionizing calcium-binding adaptor molecule 1; IgG 5 immunoglobulin G;
SEM 5 standard error of the mean; WT 5 wild type.
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WT and Abcd1–/– mice and then cocultured them with

differentiated neurons for 4 days. In this coculture, we

found no change in neurite density and morphology, sug-

gesting that Abcd1–/– microglia alone have no direct

impact on neurite growth in vitro (Fig 7A,B). However,

when 15 lM of LPC C26:0 was supplied, it decreased

Tuj1 expression by 20%, implying damage to the neuron

in the coculture system (Fig 7C,D), and treatment with

MFGE8 antibody (MFGE8 Ab) in the coculture system

slightly alleviated the adverse impact (Fig 7D). Higher

magnification images show microglia phagocytosing neu-

rons in the LPC C26:0 supplemented coculture system

(Fig 7E), with degenerated axons frequently observed

(Fig 7F). Quantification data suggested increased axon

degeneration after LPC C26:0 supplementation in the

coculture system whereas MFGE8 antibody treatment

exhibited a protective effect on axon degeneration

(Fig 7G).

Human AMN Spinal Cord Displays Microglia
Activation and Increased Expression of
Phagocytosis-Related Markers and Synaptic
Dysfunction
To determine whether our observation in AMN mice

were applicable to humans, spinal cord tissue from a

pure AMN case encompassing the corticospinal tract and

dorsal columns was examined. Luxol fast blue (LFB)

staining showed reduced myelin staining in the dorsal

FIGURE 5: Lysophosphosphatidylcholine (LPC) C26:0 treatment induced phosphatidylserine (PS) exposure. (A) Annexin V stain-
ing showed exposure of phosphatidylserine (PS) on the outer cell membrane of differentiated ReN (neuron cells) after 20 lM
LPC C26:0 treatment (B) Tuj1, and cleaved-caspase staining showed little late apoptosis (indicated by white arrow) after LPC
C26:0 treatments. (C) Quantification of Annexin V/FITC fluorescence using ImageJ (NIH, Bethesda, MD). Data are expressed as
mean 6 SEM; *p < 0.05; ***p < 0.001. FFA 5 free fatty acid; SEM 5 standard error of the mean.
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column of AMN spinal cord, demonstrating mild myelin

loss commensurate with axonal loss (Fig 8A). Dramatic

increase of CD68 and IBA1 staining in AMN spinal

cord was also observed compared to the control group

(Fig 8B), suggesting activation of microglia in the spinal

cord of AMN. As a next step, we analyzed spinal cord

from another 13 postmortem adult ALD tissues (Fig 8).

Initial analysis was performed separately for patients

who, by history, were thought to have cerebral ALD

alone versus cerebral ALD plus AMN (data not shown).

Because the ALD spinal cord showed no significant dif-

ferences between one another and all male patients in

adulthood manifest some degree of AMN, data were

grouped and displayed as adult ALD only. As in mice,

all human ALD spinal cord tissue displayed no cell

death, but a dramatic increase in microglial activation in

spinal cord of AMN (Fig 8). Gene profiling showed sig-

nificantly increased microglia activation markers (IBA1

and CD68) and phagocytosis markers (MFGE8 and

C1qa) in the absence of a proinflammatory profile.

Significant reduction in SYP gene expression indicated

synaptic dysfunction in ALD spinal cord. In contrast to

mice, some human ALD spinal cord showed perivascular

macrophages (thick arrow in Fig 8B) with significant

increases in Ccl2 and Ccr2 (Fig 8C), indicating infiltra-

tion of monocytes.

Discussion

The present study was designed to investigate the role of

the innate immune system in the pathogenesis of AMN.

Given that the more acute phenotype of cerebral ALD is

associated with microglial activation in the presence of

lymphocytic inflammation, we were surprised to find

that microglial activation in AMN mouse and human

spinal cord not only lacked proinflammatory markers,

but was also accompanied by distinct upregulation of

phagocytosis. In ABCD1-deficient mice, we show that

microglial activation precedes synapse loss, and that aber-

rant phagocytosis impairs neuronal projections.

FIGURE 6: LPC C26:0 enhanced MFGE8 expression in Abcd1–/– microglia. (A) Effect of free fatty acid (FFA) C26:0 (30 lM) and
LPC C26:0 (30 lM) and LPC C16:0 (30 lM) on MFGE8 gene expression in wild-type N9 microglia. (B) Effect of 15 lM LPC
C26:0 treatment on MFGE8 gene expression in primary isolated microglia from wild-type and Abcd1–/– mice. MFGE8 expres-
sion is compared to untreated wild-type primary microglia as Abcd1–/– microglia have higher levels of MFGE8 at baseline (see
Fig 4C). (C) Effect of 15 lM LPC C26:0 treatment on MFGE8 protein secretion in primary isolated microglia from wild-type and
Abcd1–/– mice. Data are expressed as mean 6 SEM; *p < 0.05; **p < 0.01; ***P < 0.001. SEM 5 standard error of the mean;
WT 5 wild type.
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Axonal degeneration in AMN causes selective length-

dependent injury to both the corticospinal tract and dorsal

columns. We find microglial activation to be the predomi-

nant pathology of the spinal cord in both humans and mice

with AMN. In ABCD1-deficient mice, IBA1 expression is

already significantly elevated at 2 months of age, a year

before markers of axonal degeneration are detectable. We

confirmed past reports21–23 that within human AMN spinal

cord, inflammation is mild or absent. Furthermore,

Abcd1–/– vessels in spinal cord were intact (data not shown),

and human tissue showed no blood-borne lymphocytes, no

inflammatory lesions, and only minimal clustering of mac-

rophages around vessels (Fig 8).

If microglial activation is an early change yet no

inflammation is observed in spinal cord, what mediates

pathology? Unexpectedly, we found that even in young

Abcd1–/– mice, several key receptors and signaling

molecules for phagocytosis are elevated. Trem2 gene

expression is markedly increased early on, and over time

increased expression of milk fat globule EGF factor

8 (MFGE8; also known as lactadherin or SED1) and

C1q are observed. MFGE8 is known to opsonize dying

cells and bind to integrins on the surface of phagocytic

cells, thus mediating engulfment. Importantly, the aber-

rant lipid accumulating in ALD, LPC C26:0, further

aggravates ABCD1-deficient microglia, leading to even

higher MFGE8 expression. Damage to the neuron ulti-

mately arises from the combination of altered microglial

function and the specific chemical environment. Our

findings are in line with recent observations that micro-

glial engulfment of live neurons plays a significant role

in neurodegenerative diseases.24,25

Both the literature26–28 and our own experiments

confirm that phagocytosis of neurons and axons with

FIGURE 7: LPC C26:0 treatment caused neuronal damage in the coculture system with Abcd1–/– microglia. (A) Representative
images show cocultured differentiated neuron with wild-type and Abcd1–/– microglia under normal condition. (B) ImageJ (NIH,
Bethesda, MD) quantification of Tuj1 (neuron) and IBA1 (microglia) after coculture of differentiated neurons and primary micro-
glia for 4 days. (C,D) Effect of 15 lM of LPC C26:0 on Tuj1 expression of differentiated ReN cells in the coculture system with
primary Abcd1–/– microglia and the impact of MFGE8 antibody supplementation. Bar 5 50mm. (E) Representative image shows
microglia (green) phagocytosing neurons (red) and (F) degenerated axons within coculture system with LPC C26:0 supplemen-
tation (white arrow). Bar 5 50 mm. (G) Quantification of degenerated axons in the coculture system. Data are expressed as
mean 6 SEM; *p < 0.05. IBA1 5 ionizing calcium-binding adaptor molecule 1; SEM 5 standard error of the mean; Tuj1 5 beta-III-
tubulin; WT 5 wild type.

Gong et al: Microglial Dysfunction in AMN

November 2017 823



exposed PS can be mediated by MFGE8. In general, two

prerequisites are necessary for microglial engulfment of

live neurons and axons. The first is activated microglia

with upregulated microglial receptors and opsonins like

MFGE8, which can recognize a stressed neuron and tag

it for engulfment. The second is PS exposure on the neu-

ronal cell surface, which can occur as a result of oxidative

stress, an increase in calcium levels, or adenosine triphos-

phate depletion, among other possible mechanisms.29–31

PS exposure is not itself toxic to neurons, but rather

marks the neuron for selective removal by microglia. If

activated microglia are present, this results in phagocyto-

sis of the PS-exposed neurons.26–28,32 In line with this

thinking, our data suggest that LPC C26:0, in particular

at low dose (15 mM), does not cause significant neuronal

toxicity in culture despite leading to PS exposure.

In addition to upregulation of phagocytosis, we

found evidence of aberrant complement activation in

Abcd1–/– spinal cord, which may provide further mecha-

nistic insights into the pathogenesis of neurodegeneration

attributed to ABCD1 deficiency. Colocalization of C1q

and synaptophysin in Abcd1–/– mice of different ages

suggests that microglia mediate synaptic pruning. During

postnatal development and in the normal aging process,

the complement pathway plays a critical role in the

refinement of neural circuits.10,33–36 In AMN, abnormal

FIGURE 8: Microglial activation and phagocytosis in human AMN spinal cord despite unaltered proinflammatory gene expres-
sion. (A) LFB staining demonstrates mild myelin loss commensurate with axonal loss. (B) Increased CD68 and IBA1 (black arrow)
expression indicate microglia activation in spinal cord. Some perivascular macrophages (thick black arrow) are visible in the
amplified insert. Bar 5 50mm. (C) Gene expression of microglia activation (CD68, IBA1), phagocytosis (MFGE8, C1qa), and its
regulator (TGFb1, TGFb2) as well as monocyte infiltration (CCR2, CCL2) is increased in adult ALD spinal cord, coinciding with
evidence of axon degeneration (decrease in SYP), but interestingly, proinflammatory markers such as TNF and IL1b are
unchanged. (D) Representative western blot image shows protein expression of MFGE8, C1q, and IBA1 in human ALD spinal
cord. (E) Quantification shows increased MFGE8, C1q, and IBA1 expression in human ALD spinal cord with b-actin as loading
control. (F) Less IL1b expression in AMN compared to cerebral ALD spinal cord. (G) Representative confocal images show
microglial activation in human ALD spinal cord with IBA1 (green) and synaptophysin (red) costaining (indicated by white arrow).
Bar 5 50mm for lower magnification; bar 5 20mm for higher magnification. Data are expressed as mean 6 SEM, *p < 0.05;
**p < 0.01; ***p < 0.001. ALD 5 adrenoleukodystrophy; AMN 5 adrenomyeloneuropathy; IBA1 5 ionizing calcium-binding adap-
tor molecule 1; IL, interleukin; LFB 5 Luxol fast blue; SEM 5 standard error of the mean.

ANNALS of Neurology

824 Volume 82, No. 5



synaptic pruning attributed to excessive microglial activa-

tion may instead promote neurodegeneration, as also

observed in many neurodegenerative disease models.10,36

By what mechanism are MFGE8 and C1q upregu-

lated in Abcd1–/– mouse spinal cord? In vitro CRISPR

knockout of ABCD1 gene in N9 microglia did not show

upregulation of C1q or MFGE8 (data not shown), sugges-

ting an indirect non-cell-autonomous process. Khalifeh-

Soltani et al reported MFGE8 upregulation by high-fat

treatment and demonstrated a role of MFGE8 in absorp-

tion of dietary triglycerides and the cellular uptake of fatty

acids.37 In our study, increased VLCFA, in particular

C26:0 LPC, triggered the expression of MFGE8, sugges-

ting the altered metabolic milieu as one potential factor

impacting MFGE8. In addition, we found increased

TGFb1 and TGFb2 expression in Abcd1–/– spinal cord

(Fig 3). Given that VLCFAs have no significant impact

upon TGFb1 expression in primary microglia (data not

shown), the mechanism by which MFGE8 and C1q are

increased in AMN spinal cord are likely multifactorial.

The TGF signaling pathway has long been consid-

ered to play a key role in the regulation of inflammation

and microglia activation.38,39 It has also been shown to

be a key regulator of C1q expression and synaptic

pruning in the developing visual system.40 Besides,

TGFb1 can also upregulate MFGE8 expression and

increase microglia-mediated engulfment of apoptotic

cells.20 Hence, the increased TGFb signaling could

potentially stimulate both C1q and MFGE8. Many cell

types in the central nervous system can produce TGFb1,

including microglia, astrocytes, endothelial cells, and

neurons. We previously found that ABCD1 silencing in

human brain microvascular endothelial cells dramatically

increased TGFb1 levels.41

Our data suggest that low-dose VLCFAs (15 mM)

incorporated into phospholipids may contribute to long-

tract axon degeneration, but only in the presence of

primed phagocytic microglia. Neither human nor mouse

AMN spinal cord displays cell death despite accumula-

tion of LPC C26:0.42 For some time, it has been known

that excess VLCFA (40 mM and above) affects membrane

function and causes toxicity to adrenocortical cells, oligo-

dendrocytes, astrocytes, and neurons.43,44 For example,

excess free VLCFA induces depolarization of mitochon-

dria and deregulation of the intracellular calcium homeo-

stasis,42 and in the brain, this can cause activation and

apoptosis of microglia.4 However, more relevant than

these supraphysiological doses are the lower doses that

FIGURE 8: Continued
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we used, which in isolation do not cause cell death. Our

findings call into question whether free VLCFAs are truly

toxic under physiological conditions in human disease;

rather, the findings suggest that VLCFAs incorporated in

LPC induce neuronal stress that leads to phagocytosis by

primed, ABCD1-deficient microglia.

Previously, neuronal loss during brain inflammation

had been assumed to be attributed to phagocytosis of

neurons subsequent to their apoptotic or necrotic

death.45 However, recently it was shown that, under

inflammatory conditions in primary rat cultures of neu-

rons and glia, phagocytosis itself actively induces neuro-

nal death.32 Although the development of AMN occurs

in the absence of overt inflammation, early oxidative

damage including increased oxidative lesions and altered

antioxidant defense is detected in the mouse spinal cord

and human fibroblast cell lines.46 As the well-known

inducer of phosphatidylserine exposure, oxidative stress

in AMN spinal cord may also prime for phagocytosis.

Furthermore, activated microglia themselves can also

secrete nitric oxide that causes PS exposure and leads to

phagocytosis. We observed increased iNOS expression in

both primary cultured microglia and 3-month spinal

cord tissue following LPS challenge in Abcd1–/– mice.

Several limitations to our study apply. Human spi-

nal cord tissue sections are limited to rare cases of adult

ALD and represent end-stage pathology. The contribu-

tion of other cell types, such as astrocytes, oligodendro-

cytes, and endothelial cells, was beyond the scope of our

current investigation, and these cells may play a role in

the cascade of neurodegeneration. Future work evaluating

phagocytic receptors in transgenic and knockout animals

is needed to corroborate our findings.

In sum, our data indicate a novel form of neurode-

generation, where lack of ABCD1 induces microglial

activation and priming, aberrant lipids expose eat-me sig-

nals on otherwise viable neurons, and neurons degenerate

through phagocytosis. Ultimately, blocking phagocytosis

may prevent some forms of neurodegeneration and thus

requires further exploration in AMN.
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